Introduction
The theoretical basis of commonly used separation techniques in analytical chemistry is largely understood, although new developments are seen in a number of them recently. In the history of these analytical techniques, stabilization and detection were seen to play key roles in instrumental development.
Successive breakthroughs in these two vital aspects, stabilization and detection, have led to capillary gas chromatography (GC) and high performance liquid chromatography (HPLC) in the 1960's and 1970's. It would be too obvious to state that the same has led to capillary electrophoresis in the 1980's. Some excellent textbooks 1-4 and review articles ~11 have appeared in the last decade. In addition, proceedings of several international symposia on isotachophoresis and on capillary electrophoresis 12-20 give a good indication of the development of the technique. A concise historical introduction should therefore suffice.
For decades, electrophoresis has been the method of choice for the isolation and identification of proteins. On-line quantitative determination of these substances did not have a high priority because biological activity was more important than concentration. In addition, also in contrast to chromatography, different modes of electrophoretic separation were applied: zone electrophoresis, immunoelectrophoresis, isoelectric focusing, SDS gel electrophoresis, and combinations of these.
In the 1960's it was demonstratex that stabilization in electrophoresis could in principle be achieved in capillaries of 03 to 0.5 mm I. D. This coincided with the introduction of isotachophoresis (ITP). Use of thermocouple detection enabled monitoring of isotachophoretic zone transitions. Thermocouple detection in capillary electrophoresis is characterized by a slow response :and moderate sensitivity to minor temperature differences. For isotachophoresis, a concentrating technique, the latter is less significant. For zone electrophoresis, a diluting technique, sensitivity is of key importance. Improved response was achieved by UV absorption and conductivity, facilitating detection of short zones. Quantitation in isotachophoresis is usually carried out using the time information in the detector signal (measuring zonelengths), not the signal amplitude (measuring peak areas). More recentiy, increased sensitivity and miniaturization of UV absorbance and fluorescense detection have enabled the use of zone electrophoresis in capillaries. In open capillaries, electro-osmosis, in combination with miceUes, even neutral components can be separated by micellar electrokinetic chromatography (MEKC). These novel techniques ITP, CZE and MEKC can in principle be applied using the same equipment. Recent advances in the development of electrophoretic equipment will no doubt lead to increased use of these techniques in the 1990's.
Selectivity
Key sample component property in capillary electrophoresis is the effective mobility Ix, defined as the linear velocity u per unit of field strength E:
Before going into detain of the differences between 1TP, CZE and MEKC, some general remarks on selectivity are in order. Generally speaking, a difference in effective mobility between the sample components in a mixture is favorable for separation. Some of the more important methods for tuning effective mobility differences and thus selectivity will be discussed.
For weak acids and bases, pH can be used to change the effective mobility by changing the following equilibria respectively:
Effective mobility IX is rented to the absolute mobility Ix0 by the relation:
=Otto (4)
in which ct is the degree of dissociation, given by pH and pK and ~ is the mobility of the completely dissociated form. The idea is simply to decrease the average net charge of a sample ion.
For weak acids at a high pH or for strong acids, ct is unity so that separation is based only on differences in the absolute mobility ix 0 of the sample components to be separated. These differences do not always result in a good separation. From Eqs (2) and (4) it can be seen that for anions a low pH (around the pK values of the anions) is favorable because different ct values for different anions are obtained.
For similar reasons, a high pH is favorable for the selective separation of cations. Some mixtures require even higher selectivity than obtained with pH. For metal ions for instance, pH has little effect. There are several options. The first uses activity, based on the fact that the absolute mobility depends on the ionic strength. For dilute solutions, the Debye-Htickel approximation can be used, giving a linear dependence of the absolute mobility on the square root of the ionic strength. At higher concentrations, the linear relationship does no longer hold. In both cases, the slope of the curve is distinctly different for mono, di and trivalent ions. The ionic strength of the buffer can thus be used for selectivity tuning.
Change of solvent will change solvation of ions and thus lead to different mobilities. The effects are not readily predictable. A third method is using complex equilibria. Consider for instance the change of mobility of Ca by adding citric acid to the electrolyte system. In addition to the three dissociation equilibria of H3C'it, the following equation will affect the average net charge and thus the effective mobility of Ca:
The equilibrium shown above can also be used to change the effective mobility of citrate by adding calcium to the electrolyte system. Choosing the proper pH, and type and concentration of complex former can result in extremely high selectivities. With micelles, added to the electrolyte buffer, sample components can be distributed between the water phase outside and the organic phase inside the miceUe. The fraction of the sample inside the miceUe migrates with a vekx'ity equal to that of the micelle, distinctly different from that of the sample molecule in the water phase.
A special kind of interaction is required for the separation of enantiomers. Cyclodextrins are often used for this purpose. Organic molecules fit into the cavity of the cyclodextrin molecule to an extent depending on different functional groups and their orientation. In this case, the interaction does not result in an average change of net charge but rather in an increase of average molecular weight and a lower effective mobility.
Modes of separation
The mode of separation depends on the composition of the electrolyte in different parts of the separation equipment.
Capillary zone electrophoresis
Consider for instance CZE (Fig. l) , where the total equipment is filled with background electrolyte, consisting of iorts X + and C-, preferably with a buffering capacity. Somewhere on one side of the capillary a small amount of sample is injected, consisting of ions A-, B-and a counter-ion X +. A voltage is applied to both ends of the capillary. The effective mobility of the anions A and B is adjusted to the conditions determined by the buffer composition (pH, concentration). With a uniform field strength along the capillary, the resulting differences in velocity lead to a separation of the anions as they move towards the detector. The counter-ions do not interfere because they move away from the detector. Switching polarity will make it possible to separate cations using the same or a different background electrolyte. 
in which V is the voltage drop along the capillary. From this equation it is also seen that a high voltage over a short capillary is essential for fast analyses. An example of a CZE separation is shown in Fig. 2 . Peak shape is usually more or less Gaussian so that normal integration procedures, used for chromatography, can be employed. Migration times are useo for identification. Reproducibility of these migration times in a closed system can easily be better than 1% under isothermal conditions, the temperature coefficient of ~ being between 2 and 3% per degree centigrade.
Capillary isotachophoresis
For ITP (Fig. 3a) , part of the eqmpment is filled with leading electrolyte consisting of an anion L-with a high effective mobility and a counter-ion C + with a buffering capacity. Another part of the equipment is filled with terminating electrolyte, consisting of an anion T-with a low effective mobility and a counter-ion that does not necessarily have to be C +. Switching on the high voltage will lead to a different field strength in leading and terminating compartmenw. The terminating ion moves into the leading electrolyte compartment, adjusting its concentration to the properties of the leading elect?olyte according to Kahlrausch's law. The resistance and field strength in zoneT remain greater than those of zone L. Consequently, if an anion T enters zone L by diffusion, it meets a lower field strength, resulting in a lower velocity so that it will eventually return to its own zone. This self-sharpening effect will last as long as the current is on. The velocity of ions L and T is the same, hence the name isotachophoresis. Now a sample mixture consisting of anions A-and B-(and an arbitrary counter-ion) is introduced at the leading/terminator interface (Fig. 3b) . Separation takes place if the mobility of A and B in the mixed zone is different and if they fall within the leading/terminator mobility window. After switching on the voltage, initially the uniform field strength in the mixture will lead to different velocities, resulting in separated zones containing only A and B, respectively. Mixed zones containing A and B will eventually disappear. The sample components are contained in their own zones at a concentration determined by the leading electrolyte. The volume of the zones, or the length in time units when working at constant driving current, are directly proportional to the amount injected. The field strength or resistance of the zones is used for identification.
An isotachophoretic analysis of heavy metals in human serum, after sample pretreatment, is shown in Fig. 4 . As mentioned, signal response (step height) is used for identification, and zone lengths for quantilation. For this purpose, the signal is differentiated, where inflexion points between the zones are marked by peaks. Reproducibility of both step height and zone length is 1% or better.
Electrophoresis in open capillaries
The capillaries used in electrophoretic separation are made of insulating material such as polytetrafluoroethylene (PTFE or ~l'eflon) quartz or fused silica. In aqueous solution at pH 2 or higher, the capillary wall has a negative ~-potential. The volume element of liquid directly outside the electric double layer, therefore, has a positive net charge. In the electric field, this will result in an electro-osmotic plug flow towards the negative electrode.
The electro-osmotic velocity u~ is directly proportional to the ~-potential of the capillary wall:
Vl in which E is the dielectric constant of the solution, E the field strength and r I the viscosity of the solution.
In a capillary that is closed on Ix~th ends (Fig. 5a ), a zero net flow will result in a flow profile that reverses direction a the capillary axis. This has an adverse effect on the quality of all separation modes. The zeta potential and the electro-osmotic disturbance can be minimized by adding certain surface-active agents.
In open systems (Fig. 5b) , all sample components are subject to at least one of two velocity vectors. All are subject to the electro-osmotic velocity. If this flow is directed towards the detector, non-charged sample components (the EOF marker)are also detected. Due to the additional electrophoretic velocity, positive and negative sample components migrate on either side of the EOF marker, except those anions with an electrophoretic velocity that is smaller than the electro-osmotic velocity. (1), (7) and (8) 
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in which for non-changed sample components the effective mobility ~t = 0. Such an EOF marker can be water or methanol, displaying a refractive index effect inUV detection. The sign of Ix is different for cations and anions. An example of CZE in an open system is shown in Fig. 6 . With plate numbers exceeding 100 000, extremely high efficiencies are obtained. If, in addition, a selective buffer composition is chosen, enantiomers can be separated. An example, using an extensively studied additive (cyclodextrin), is shown in Fig. 7 . Cyclodextrin migrates with the electro-osmotic velocity as an unchanged molecule. The sample molecule, an aromatic secondary amine, has a positive charge and moves in the same direction as the electro-osmotic flow. The (+) and (-) forms are included in the cavity of the cyclodextrin molecule to different extents, thus decreasing the electrophoretic mobility that is superimposed on the electro-osmotic mobility. This is because the effective mobility of the amine, ~ lille in the cavity of the cyclodextrin, is very small as compared to the free amine. A strong interaction therefore leads to a greater migration time. Naturally, the type and concentration and possible functional groups of the cyclodextrin are also of key importance to selectictivity.
A good reproducibility of migration times, necessary for identification, requires that the electro-osmotic flow and the ~-potential is constant and reproducible from run to run (Eq. (9) . This last requirement is not necessary for CZE in closed systems [Eq. (6)], with the restriction that the ~-potential should be small enough not to effect the plate height.
Micellar electrokinetic chromatography
As is seen in Fig. 6 , non ionic sample components are also seen by the detector. Of course, there is no selectivity of these components as there is no migration. To achieve additional separation capability for Ihese components, there are two chromatographic options.
The first uses a stationary phase on the capillary wall. This is actually capillary liquid chromatography with electro-,~smosis as a driving force for moving the mobile phase. This technique is beyond the scope of this article. Another option uses miceUes, added to the bachground electrolyte. Ihese micelles always have a net charge such that they move in a direction opposite to the electro-osmitic flow. Micelles with a positive polar group, such as cetyltrimethylammonium bromide (CRAB) migrate in the reversed direction but they also reverse the electro-osmotic flow by inducing a positive ~-potential. 24 In MEKC, sodium dodecylsultate (SDS) is mostly used.
A non-ionic sample component can be distributed between the background electrolyte and the non-polar interior of the micelle. The fraction inside the mieelle moves away from the detector by migration so that retention is obtained. The relation for migration times in MEKC is somewhat more complicated than Eqs (6) and (9) and in addition includes the capacity factor k', defined as the ratio of the fraction of the solute in the mieelle and the fraction in the continuous (aqueous) phase:
k' --KWme/Waq (10) in whick K is the distribution coefficient and Vmc and Vaq the volumes of the micellar and aqueous phase, respectively. Total migration time can now be written as:
in which ~tmc is the effective mobility of the miceUe and tt the effective mobility of the sample component in free solution. 'lhe sign of the second term in the denominator depends on the charge sign of the sample component. For non-charged sample components Eq. (11) naturally simplifies to:
where one has to bear in mind that the two terms in the denominator always have opposite signs. Non-ionic components with different distribution coefficients can thus be separated by Micellar Electrokinetic Chromatography (MEKC). An application of MEKC is shown in Fig. 8 , a separation of a standard mixture of 8 corticosteroids zs with a buffer containing SDS and urea. As with CZE in open systems, a reproducible ~-potential and electro-osmotic flow are essential fo~ identification.
Other developments
As stated in the introduction, the performance of an analytical separation technique is determined by selectivity and sensitivity of both separation and detection.
New stationary phases in MEKC, specific complexation in CZE and the use of gelfilled columns are ordy a few of the latest developments in separation selectivity.
Selective detection, using fluorescent labeling, will increase the selectivity and sensitivity of detection. Analysis of zeptomole amounts (zepto = 10 -21) have been reported using fluorescence detection,26 Extensive sample pretreatment is of course necessary at the low levels. Combinations of different electrophoretic techniques can also be used on-line to perform such a sample pretreatment. 27
Conclusions
Some of the more important requirements for large scale routine use of equipment for capillary electrophoresis are: a large linear dynamic range, a greater reproducibility of migration times (used for identification), and a more reproducible injection. If these requirements will be met within the next few years, capillary electrophoresis will no doubt throw capillary gas chromatography in the shade by the year 2000.
